We report fabrication of tapered silicon core fibers with nano-spikes enabling efficient optical coupling into the core, as well as their seamless integration with single mode fibers. A proof-of-concept integrated in-fiber silicon device is demonstrated.
Introduction
In the past decade, there has been significant progress in the production of silicon core optical fibers (SCFs) [1] and two fabrication methods have been developed: (i) molten core fibre drawing [2] , and (ii) high pressure assisted chemical deposition (HPCVD) inside silica capillaries [3] . Of these, the former is the more globally practiced and basically depends on conventional fiber drawing of a molten silicon core inside a silica tube. A key advantage of this method is that it is capable of producing many meters of SCFs with continuous polycrystalline silicon cores. Investigations of the as-drawn SCFs have revealed that material absorption due to impurities, scattering from grain boundaries and density fluctuations in the core are the major contributions of optical losses [4] . However, several approaches have been successfully employed to improve the material quality of the as-drawn SCFs, including thermal annealing, laser recrystallization [5] , and tapering [6] . So far, propagation losses as low as 1dB/cm have been reported. Photonic and optoelectronic applications such as all-optical modulation based on two-photon absorption [7] , and high-speed photodetection [8] have been demonstrated.
Currently, the main challenge hindering the technological exploitations of SCFs, is how to efficiently couple light into the micron-sized silicon cores when interfaced directly with conventional telecom fibers for in-fiber silicon devices. In this regard, we report here the fabrication of tapered SCFs with nano-spikes and show their robust integration with single mode fibers (SMF) [9] . As a proof-of-concept, we demonstrate a 30 μm clad diameter SMF-SCF device with nano-spike coupling loss of 3.7 dB and propagation loss of 1.66 dB/cm. Finite-element-based simulations show that the coupling losses can be reduced below 0.5 dB if the clad diameters are below 10 μm.
Fabrication and integration
The SCFs used in this work were fabricated using the molten core fiber drawing technique. A thin layer of calcium oxide (CaO) was first coated inside the silica capillary tube to prevent oxygen in-diffusing during the process. This coating, which is a mixture of CaO and SiO2 [10] , also serves as an intermediate index cladding (IIC) and stressreducing layer. A phosphorus doped silicon rod (0.13-0.145 ohm-cm) was then sleeved into the silica tube and was drawn into a fiber using standard fiber drawing process at a temperature of 1950ºC. As-drawn SCFs are poly-crystalline, and have high tensile stress due to the large difference in the thermal expansion coefficients of silica and silicon. This tensile stress can be used to create a void gap by melting the core locally with a heat-polishing method based on unidirectional movement of the as-drawn fiber in a hot zone, as shown schematically in Fig. 1(a) . Tapering of the fiber with the void gap is performed by slowly feeding the fiber into the hot zone and pulling it from the other end with a higher pulling speed (see Fig. 1(b) ). Collapsing of the void gap results in a silicon-free region with a CaO/SiO 2 core, and a silicon nano-spike at the right end. After cleaving the tapered SCF at the silicon-free region, a tapered SMF can be spliced to this facet, as shown in Figs. 1(c) and 1(d) . An integrated fiber device (see Fig. 1(e) ) is finally obtained releasing the tapered SCF after cleaving.
We used a Vytran GPX-3400 glass processing system to taper the SCFs. Local melting of the silicon core before tapering was used to create a 150 μm long void in the core. Subsequent tapering of the fiber with 1 mm/s pulling speed and 68 W power for the heater resulted in a long silicon-free fiber section and a silicon core with a nano-spike due to the collapse of the softened silica cladding, as shown in Fig. 2(a) . The cleaved end facet of the fiber, which is used for free space coupling, is also shown in Fig. 2(b) . Cladding and core diameters of the tapered SCF are 30 μm and 1.1 μm, respectively. Later, we adiabatically tapered an SMF fiber to obtain a waist region with the same outer diameter as the silicon fiber and cleaved it in the waist region for splicing to the silicon-free part of the tapered SCF. A silica region between the splicing point and nano-spike assures that the silicon nano-spike is not affected by the high temperature applied during the splicing. Another advantage is splicing occurs only at silica-silica interface, which is not affected by Fresnel reflection loss.
Simulations
FEM-based simulations were used to calculate optical coupling losses of the nano-spike for different cladding diameters (D = 10-30 μm) and IIC layer thicknesses (h = 0-nano-spike starts from 5 nm in diameter and widens to a core diameter of 1 μm at the end of the transition length of 200 μm. A nano-spike encapsulating layer (IIC) with a refractive index of 1.6 was used to calculate coupling losses from the fundamental mode of a CaO/SiO2 core (n = 1.6, r = h) to the fundamental mode of a SCF. The spike coupling loss was calculated to be 0.35 dB for a SCF with a cladding diameter of 10 μm and a core diameter of 1 μm. The profile of the electric field strength through the fiber is shown in Fig. 3(a) for these parameters. Presence of the IIC layer improves optical coupling to the high index (n = 3.48) silicon nano-taper, as shown in Fig. 3(b) . For our SMF-SCF device paramters, the nano-spike coupling loss and the mode conversion loss at the splice point are calculated to be 3.9 dB and 1.25 dB, respectively. 
Optical Characterization
The SMF-SCF device under test was connected to an infrared continuous-wave (CW) laser (Tunics T100S-HP) with power from the cleaved facet. The output mode is a superposition of cladding guided and core guided modes. The images taken by a beam profiler (Spiricon) before and after spatial filtering are shown in Figs. 4(a) and 4(b) , respectively. The power was measured at 5 different cut-back positions along the device as shown in Fig. 4(c) . Initially, the total transmitted power was 330 μW. After spatial filtering, the power of the core guided mode was measured to be 118 μW at position a, which corresponds to a total loss of 9.2 dB. A linear fit to the cut-back data was used to calculate a propagation loss of 1.66 ± 0.54 dB/cm. After the nano-spike was removed at position e, a loss of 2 dB was measured, which includes fiber connector loss, SMF tapering loss, and the mode conversion loss at the splicing point. The estimated loss of the device (7 dB) at the nano-spike input was determined from the yintercept of the linear fit. The difference between this estimated loss at position e* and the measured loss at position e gives a total coupling loss of ~5 dB at the nano-spike, which includes the nano-spike coupling loss as well as an extra loss due to the change of interface from Si-air (~1.5 dB) to CaO/SiO2-air (~0.2 dB) at the position e. Accounting for this extra loss, the nano-spike coupling loss was estimated to be ~3.7 dB, which is in accordance with the simulated value of 3.9 dB. The nano-spike coupling losses could be reduced to below 0.5 dB if the cladding diameters are decreased to 10 μm, as shown by the simulations in Fig. 3(b) .
Conclusion
Reported here was the fabrication of tapered SCFs with nano-spikes and their robust integration with SMFs by splicing. Loss measurements have revealed the propagation and nano-spike coupling losses for our 30 μm cladding diameter device to be below 2 dB/cm and 4 dB, respectively. Seamless integration of SMFs and SCFs can pave the way for in-fiber silicon devices such as SCF-based Raman amplifiers and all-fiber photodetectors.
